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Quantitative and qualitative aspects of commensal bacteria determine the active and quiescent status of host
immunity. In a recent Science paper, Atarashi et al. (2011) identify Clostridium clusters IV and XIVa as indig-
enous commensal bacteria that induce regulatory T cells for the creation and maintenance of immunological
homeostasis.The intestinal tract of mammals is home
to 1013 to 1014 commensal bacteria
composed of hundreds of species that
benefit the host by supplying nutrients,
metabolizing otherwise indigestible food,
and preventing colonization by patho-
gens. Additionally, immune system devel-
opment requires interactions with com-
mensal bacteria (Hill and Artis, 2010).
Because commensal bacteria commonly
produce ligands of innate immunity, it
was thought that unspecified commensal
bacteria indiscriminately induced immune
system development. However, accumu-
lating evidence has indicated that indi-
vidual species of commensal bacteria
play specific roles in determining the
immunological balance in the mucosal
and systemic compartments. In a recent
issue of Science, Honda and colleagues
identified a cluster of indigenous com-
mensal bacteria that are key to maintain-
ing quiescent immunity (Atarashi et al.,
2011).
Recent advances in genetic analyses of
the composition of commensal bacteria
led to the discovery that changes in mic-
robial composition accompany alter-
ations in the quality of host immunity and
occasionally underlie immune diseases
such as inflammatory bowel diseases
(IBD) (Hill and Artis, 2010). These findings
straightforwardly led to works addressing
the puzzling question of how specific
species of commensal bacteria regulate
particular immune responses. One ex-
ample of recent success in this area is
the identification of segmented filamen-tous bacteria (SFB) as inducers of active
immunity. Several groups, including Hon-
da’s, showed that SFB efficiently induce
effector T cells, especially Th17 cells
observed predominantly in the gut, where
they provide protective immunity against
intestinal infection (Gaboriau-Routhiau
et al., 2009; Ivanov et al., 2009).
In addition to immunosurveillance
against harmful pathogens, the gut
immune system mediates quiescent im-
munity (or tolerance/unresponsiveness)
against harmless and beneficial nonself
materials such as dietary antigens and
commensal bacteria. Among multiple
immunoregulatory pathways, regulatory
T (Treg) cells play pivotal roles in
achieving quiescent immunity. Like Th17
cells, Treg cells are abundantly present
in the gut, which is explained at least
partly by the function of the vitamin A
metabolite retinoic acid that is produced
by gut-associated dendritic cells (Mucida
et al., 2009). Although probiotic strains
could also induce Treg cells in the gut
(Kwon et al., 2010), whether and how
indigenous commensal bacteria induce
Treg cells remained unclear.
In their recent Science paper, Honda’s
group extends their studies and identifies
Clostridium clusters IV and XIVa (also
known as the Clostridium leptum and
coccoides groups) as among the indige-
nous commensal bacteria inducing
colonic Treg cells. Atarashi et al. (2011)
demonstrated that only a few Treg cells
were present in the colon of germ-free
mice but increased to normal levels inCell Host & Microbe 9specific pathogen-free (SPF) mice by
colonization with commensal bacteria
originating from SPF mice. By eliminating
bacteria using antibiotics and chemical
reagents, together with information about
prominent commensal bacteria in the
colon, they identified gram-positive and
spore-forming Clostridia as candidate
commensal bacteria that induce colonic
Treg cells. Direct evidence was obtained
from gnotobiotic mice that were gener-
ated by colonization with Clostridium
clusters IV and XIVa. Intriguingly, the
induction of Treg cells by commensal
bacteria was observed specifically in the
colon, whereas Treg cells in the small
intestine were normally present in germ-
free mice (Atarashi et al., 2011). The phys-
iological functions of the small and large
intestines differ substantially, and the
small intestine is specialized to digest
and absorb dietary materials. Treg cells
in the small intestine increase after wean-
ing (Atarashi et al., 2011), raising the
possibility that materials in the diet and/
or breast milk may regulate the induction
of Treg cells in the small intestine.
Atarashi et al. also showed that an arti-
ficial increase in Clostridium in neonatal
SPF mice resulted in the attenuation of
intestinal inflammation in adulthood,
which is potentially related to the lower
levels of Clostridium clusters IV and XIVa
in IBD patients (Frank et al., 2007). These
regulatory effects were mediated by
the preferential induction of Treg cells
that produced IL-10 and expressed high
levels of cytotoxic T-lymphocyte antigen, February 17, 2011 ª2011 Elsevier Inc. 83
βFigure 1. Induction of IL-10-Producing-Induced Treg (iTreg) Cells through the Interaction
between Indigenous Clostridium Species and Epithelial Cells
After weaning, Clostridium clusters IV and XIVa become prominent in the colon, where they form a thick
layer on the epithelium. Clostridium clusters IV and XIVa promote the production of matrix metalloprotei-
nases (MMPs) from epithelial cells to convert TGF-b from the latent to the active form. Together with
indoleamine 2,3-dioxygenase (IDO) produced by epithelial cells, the active form of TGF-b converts non-
Treg cells into induced Treg (iTreg) cells that produce IL-10 and express high levels of CTLA-4. The locally
differentiated iTreg cells prevent inflammatory and allergic responses in the gut and presumably other
remote tissues. In contrast, thymus-derived naturally occurring Treg (nTreg) cells do not require stimula-
tion by commensal bacteria.
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zation with Clostridium resulted in the
specific increase of IL-10-producing
Treg cells at distant tissues, such as the
spleen and lung, and inhibited allergic
responses. These data suggest that
T cells educated by commensal bacteria
may move from the gut to remote tissues,
where they determine the T cell-mediated
immunological balance. This idea is plau-
sible based on recent findings that Th17
cells induced by gut-resident SFB have
pathogenic roles in the development of
arthritis (Wu et al., 2010) and that probi-
otic-induced Treg cells accumulate at
inflammatory sites of various tissues
(Kwon et al., 2010).
Investigating the mechanisms of Clos-
tridium-mediated induction of Treg cells,
Atarashi et al. showed that Clostridium
formed a thick colonizing layer on the
epithelium where it enhanced the release
of the active form of TGF-b and indole-
amine 2,3-dioxygenase (IDO) from epithe-
lial cells (Atarashi et al., 2011) (Figure 1).
The TGF-b pathway was mediated by
increasing the gene transcription ofmatrix
metalloproteinases that converted latent
TGF-b into the active form. Therefore,84 Cell Host & Microbe 9, February 17, 2011colonization with Clostridium preferen-
tially converts non-Treg cells into Helios-
negative induced Treg cells with little
effect on Helios-positive thymus-derived
naturally occurring Treg cells. A recent
study demonstrated that a mixture of pro-
biotic strains, including Lactobacillus and
Bifidobacterium, enhanced the produc-
tion of TGF-b and IDO from dendritic cells
and consequently induced Treg cells
(Kwon et al., 2010), similar to the effects
of Clostridium on epithelial cells. Interest-
ingly, Atarashi et al. (2011) demonstrated
that colonization with a mixture of three
Lactobacillus strains was not sufficient
to induce colonic Treg cells, suggesting
that the generation of a bacterial commu-
nity in which bacteria respond to each
other’s metabolic products and establish
a niche among commensals is important
to create an environment that facilitates
the induction of Treg cells. Another major
unresolved question is the function of
Clostridium in the induction of colonic
Treg cells. Atarashi et al. mention that
pattern-recognition receptors were not
involved in this pathway, in contrast
to the Toll-like receptor 2-dependent
conversion of Treg cells induced by poly-ª2011 Elsevier Inc.saccharide A by the human commensal
Bacteroides fragilis (Round and Mazma-
nian, 2010). Collectively, these findings
suggest that there are versatile pathways
in the commensal bacteria-mediated
induction of Treg cells, and thus it is
important to examine not only bacteria-
host interactions but also the role of the
bacterial community in the establishment
of immunological mutualism. The role of
dietary materials (e.g., fatty acids, vita-
mins, and carbohydrates) in the three-
way communications with the host and
commensal bacteria is an additional
fascinating subject (Maslowski and
Mackay, 2011). These future studies will
facilitate our understanding of how our
immune system mutually evolves with
commensal bacteria to achieve the
protective but still homeostatic immunity
in the intricate environment of the gut,
and will also lead to novel strategies to
prevent and treat inflammatory, allergic,
and infectious diseases.REFERENCES
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